Abstract. A multi-scale modeling approach is proposed in this paper that assists the user in constructing musculoskeletal system models from sub-models describing various mechanisms on different levels on the length scale. In addition, dynamic time-scale analysis has been performed on the developed multi-scale models of various parts of a human limb: on wrist, elbow and shoulder characterized by different maximal muscle and skeletal length properties. The time-scale analysis results have been represented on a scale-map, that can be used effectively to direct the simplification of multi-scale models for control-related application purposes.
1. Introduction. Biomechanical systems, like musculoskeletal systems, generate mechanical response from electrical excitations to form the motion of the biomechanical system. This mechanical response depends on the inner structure of the system and its processes. A musculoskeletal model that is applied to deeper diagnosis should contain several sub-models and should describe different processes, such as electrical, chemical, mechanical processes. However, different time and space constants can be associated with different processes and structures, see e.g. [11] . As a result of such a modeling effort, the simulation of the human musculoskeletal system helps to understand how musculotendon actuators produce force and how specific actuators and specific neural inputs contribute to movement coordination without restoring to invasive methods. The necessity of simulation and the complex structure of musculoskeletal system call for the application of a specific modeling technique called multi-scale modeling [13, 21, 24] .
Modeling and simulation are becoming one of the most important research tools in biology. The most advanced ones of these efforts have focused on single levels or scales, e.g., genomic/proteomic, cellular, tissue, organ, whole body, behavioral, and population. At the same time, multi-scale modeling is also becoming more and more significant in biology to integrate models from micro-scales to macro-scales in a seamless fashion. Such multi-scale models are very important when we would like to develop quantitative, predictive models of complex biological behaviors. In addition, developing the abstractions to integrate between scales will lead to a much deeper understanding of the universal or generic features of biological phenomena. As a biological example, Villa et al. [45] presented a multi-scale approach to modeling complexes between protein and DNA that contain looped or coiled DNA. Rubinstein et al. [37] developed a multi-scale model of lamellopodia, ranges from the molecular scale of actin machinery to the micron-scale lamellopodium itself to investigate cell crawling.
Some basic ideas of multi-scale modeling of muscles have already appeared in Zajac's early paper [51] where he presented a size and time scaling method for muscles. He determined five parameters that have to be chosen correctly to model any kind of muscle. Some of these parameters are the maximal isometric force, the optimal muscle length, the tendon slack length, the pinnate angle while the time-scaling parameter is the maximal contraction velocity. Investigating the value of these parameters he found that the tendon played an important role in the movement generation when the ratio of tendon slack length to the optimal muscle length is high. It means that the modeling of tendon is only necessary in the case of a muscle with long tendon, so the model can be reduced by ignoring tendons otherwise. He further recommended a simplification possibility: if this ratio is small then the force generation mechanism can be modeled by algebraic equations while if it is high then the activation dynamics can be modeled by algebraic equations.
Van Soest and Bobbert [39] developed a leg model that can be considered as a multi-scale model because they compute the muscle forces and the movement of the segments separately so the dynamics of this two sub-models were separated. Loeb et al. [29] developed a hierarchical model for the sensory function of musculoskeletal systems. In this model the musculoskeletal system is represented with one level and a hierarchical control system with a few additional levels are constructed.
The aim of this work is to construct a multi-scale modeling framework that allows for constructing complex musculoskeletal models from pre-defined sub-models describing various biomechanical processes. Furthermore, we propose to analyze the dynamics of the generated models on scale-maps, in order to find separate time and length regimes of particular processes that can be used to identify simplified models.
2. The multi-scale nature of musculoskeletal systems. Musculoskeletal systems possess an internal multi-scale nature dictated by the biology and mechanics of the system that is explored in this section.
2.1.
The engineering approach to multi-scale modeling. Multi-scale modeling is an emerging interdisciplinary field that offers a systematic way of constructing, analyzing and solving dynamic models of large-scale complex systems [46] . The field of multi-scale modeling is quite broad that spans many disciplines, including physics, chemistry, bio-chemistry, mathematics, statistics, image processing, chemical and mechanical engineering, as well as materials science. Some of them, like physics, chemical kinetics (see e.g. [15] , [16] ) and image processing use advanced bottom-up "coarse graining" techniques to decompose the system into different in magnitude time scales and simplify the solution by using the fast scale and slow scale dynamics separately. Here the starting point of the analysis and reduction is a detailed model on a small length scale that is decomposed into two models, one for the fast and another for the slow time scale, respectively.
In engineering one uses a different, top-down approach to construct a multi-scale model that provides an effective way both decomposing and handling the available information in large-scale complex systems. Here one first identifies the relevant scales, most often the relevant length or detail scales for the problem, constructs appropriate sub-models for each scale and then in some way organizes the information exchange between these sub-models to obtain a multi-scale model. For example, the multi-scale approach [24] in process engineering is an effective way of decomposing and handling the available information in a large complex system. The multi-scale approach provides us with natural mechanism-driven decomposition of the underlying process model with any related information and an integration framework to organize the information exchange between the partial models.
2.2. Mechanisms and their length and time scales in human musculoskeletal systems. A number of rather different mechanisms play important role in human musculoskeletal systems, that possess substantially different characteristic times and sizes. The most important mechanisms are as follows.
Chemical processes. They correspond to chemical reactions in muscle or neuromuscular junction. For example: empty of vesicula, effect of neurotransmitters, movement of ion Ca 2+ . Generally they are fast, so their time constants are about 1 − 10 ms and their characteristic sizes are several nm or µm. Of course there are exceptions, for example fatigue's time constant can be several seconds or minutes. These processes are generally modeled by dynamic equations. For example, in [9] ATP dynamics was modeled, and in [6, 14] a fatigue mechanism is modeled.
Cross-bridge cycle. This describes the elementary active force generation process. Its time constant is about 200 ms and its characteristic size is 11 nm. Active force generation process is modeled by a partial differential equation [22, 23] , or system of ordinary differential equations [49, 50] or algebraic equations [18, 51] . Exerted force is determined by several independent factors, see details in [19, 20] .
Since sarcomere contains filaments that produce cross-bridges, time constant of its dynamics is about equal to the time constant of cross-bridges, but sarcomere's space constant is proportional to its size, about 3 µm.
Bioelectrical process. It corresponds to the flow of electrical excitation in the membrane of muscle (and neuron). Its speed is about several m/s in the muscle and its characteristic size is equal to the length of muscle, i.e. 0.01 − 0.3 m. It is generally modeled by a system of ordinary differential equations [10] .
Mechanical processes. The force generation of passive tissue and movement of segments belong here. Passive force generation of muscle tissue is a very fast mechanism so its time constant is small. Since the passive force is associated with connective tissue structures surrounding the muscle fibers, the fascicles and the entire muscle [11] its length constant is equal to the muscle size, approximately 0.01 − 0.3 m. Since it is very fast it is generally modeled by an algebraic equation.
The force generation of tendon and aponeurosis are also mechanical processes, that is similar to the passive muscle force generation. However, these processes are slower, their time constants are proportional to their contraction velocity [51] , so they are generally greater than 1 ms and their length constants are proportional to their slack length. Either an algebraic equation is applied to model them e.g. [17] or an ordinary differential equation is applied e.g. [12, 51] .
The movement of segments depend on the available force and torques and segment's inertias. The fastest segments are the most distal ones. However, the length constant of the most distal segment is smaller than the length constant of a more proximal segment. The movement of segments is modeled by a system of first order ordinary differential equation or a second order ordinary differential equation [11, 36, 47, 53] .
2.3. The internal structure of skeletal muscles. Skeletal muscles are structurally organized in an intricate way, cross-sectionally and longitudinally [11, 12] (see Fig. 2.1 ). This structure is followed when defining the levels of the multi-scale description along the length scale. The main characteristic levels of musculoskeletal systems are depicted in Fig. 2.1 . Internal structure of musculoskeletal systems and muscles. Adopted from [12] A musculoskeletal system contains segments connected by joints. Segments can turn around the joint if the muscles exert forces, while each joint is moved by more muscles. The entire muscle is surrounded by a layer of connective tissue. A substructure in a muscle is the muscle bundle, which consists of a number of muscle fibers surrounded by a connective tissue sheath. Within this one can identify muscle fibers, that are individual muscle cells surrounded by a thin sheath of connective tissue which connects the individual fibers within a muscle bundle. Muscle fibers are made up of myofibrils lying parallel to one another. The systematic arrangement of the myofibrils gives the muscle its typical striated pattern which is visible under a light microscope. The repeat unit in this pattern is a sarcomere.
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Sarcomeres are the basic contractile units of a skeletal muscle, and chemical processes of force generation are taken place here. They are bordered by Z-lines. Z-lines are thin strands of protein extending perpendicular to the long axis of the myofibrils. Sarcomeres contain thick (myosin) and thin (actin) filaments, which are primary made up of the protein molecules that give them their names. The Z-lines intersect the thin myofilaments at regular intervals.
A motor unit consists of one α motor neurone innervating all its muscle fibers. Motor units are composed of parallel fibers with similar biochemical and twitch properties. Motor units are classified as fast or slow. Here we assume that a motor unit contains the same type of muscle fibers which are excited together, therefore a motor unit and its fibers are not distinguished during modeling.
2.4.
Ingredients and sub-models of building musculoskeletal system models. Having identified the main levels of a multi-scale musculoskeletal model, we now turn our attention to the sub-models that describe the dynamical behavior of the individual structural elements (see details in Appendix B). The following major sub-models are needed to synthesize an overall model of musculoskeletal system [52] .
1. Body segments and joint kinematics. This sub-model describes the kinematic movement of the joints interconnecting the segments together with the joint frictional losses. Once the structures participating in the task have been identified, both those internal and external to the body, it is then necessary to specify how the body segments can move relative to one another. Body segments are almost always assumed rigid. The joint friction is low and insignificant in case of healthy subject, but in case of pathological case it should be high.
2. Dynamical equations of motion of the body segments. These equations depend on the assumed properties of the joints and how the body segments interact with the environment. The equations can be derived by Newton-Euler or Lagrange or Kane's method, assuming that at least one part of the body is stationary in an inertial reference frame.
3. Passive-tissue joint mechanics. If it is modeled the passive tissue joint mechanics can be described by an algebraic equation.
4. Geometric joint transformation. The computation of moment arms, muscle paths and muscle length are performed by this sub-model by relating muscle force and length of segmental torque where rotation should also be specified. The sub-model depends on the assumed joint and musculoskeletal geometry, such as the origin and insertion of the muscles. If the fibers of a muscle have a wide insertion on the skeleton then the muscle should be modeled with more paths.
5. Musculotendon force and torque generation process. This sub-model is a Hilltype model [3, 4, 17, 18, 51] , a Huxley-type model [22, 23, 49, 50] or other kind of model of force generation.
It should be emphasized that the complete musculoskeletal dynamical model can be synthesized from the above constituent sub-models. This includes the integration of sub-models, together with identifying the inputs, states and the outputs of the overall multi-scale model.
If a control mechanism is also to be modeled then the neuromotor central nervous system (CNS) circuitry controlling muscle excitation should also be modeled and integrated, e.g. [41, 42] . Generally these models are less detailed than musculotendon models because the CNS structures and the functions of its elements are mainly unknown. Neural models contain sensory receptors and feedback from the sensorium, too. A review of sensorium model is found in [30] .
Inputs and outputs of the musculoskeletal model depend on the aim of the modeling. Generally these models are applied for investigating force generation or movement of the system so the inputs are some kind of excitation signals together with external forces and torques, while the outputs are the movement pattern and the muscle forces. The muscle excitation signal can be a biological excitation signal (e.g. the frequency of neurons, recruitment) or some kind of abstract excitation signal. Biological excitation signals are rarely applied [3, 4, 10, 17, 25] because of the difficulties involving in its measurement that implies that the validation of such kind of a model is also difficult. Generally (e.g. [7, 8, 39, 51] ) the abstract excitation signal is the activation signal of the muscle which is proportional to the quantity of Ca 2+ in the sarcomere. Such a signal can be computed from the EMG signal of the muscle that can be measured more easily, so it is applied in most cases.
3. A multi-scale musculoskeletal modeling framework. As we have already seen in §2 musculoskeletal systems possess a natural hierarchical structure dic-tated by their biological sub-structures and elements. This biological structure is to be followed when developing a multi-scale model of such systems. In order to support the modeling process, it seems reasonable to develop a general framework of human musculoskeletal multi-scale models that is described here.
3.1. The levels of the model on the length scale. Our proposed hierarchical framework contains four levels (see Fig. 3 .1) corresponding to one or more important anatomical and/or physiological components of musculoskeletal systems. These levels are abstracted from the natural levels described in §2.3.
(i) Level of sarcomere: models the force generator taking into account its mechanical (length and contraction velocity) and electrical (activation) states. This level contains the model of active force generation, activation dynamics and bio-chemical processes, therefore it consists of dynamic and algebraic equations.
(ii) Level of motor unit: generates the force of the motor unit from the forces of sarcomere, computes the activation state of the motor unit from the activation state of the sarcomere and computes the excitation signals of sarcomere from the excitation signal of the motor unit. This level is responsible for modeling other effects such as passive forces of fibers and motor units. This level is mainly defined to map the internal structure of a muscle. Since the main computational outputs of this level are force integration and activation distribution it does not contain any differential equations.
(iii) Level of musculotendon: computes the forces and torques of muscles from the forces of motor units, computes the activation of muscles from the activation of motor units and generates the excitation signals of motor units from the excitation signal of muscles. For the integration of forces of motor units belonging to the given muscle, we takes into account the effect of tendon, aponeurosis and pinnation. This level contains three sub-levels: (i) Level of segments: is responsible for the computation of the movement of segments from the muscle torques and external forces taking into account intersegmental dynamics. The computation of the joint angles, their velocities and accelerations take place here. This level contains differential equations.
3.2. Sub-models in the modeling framework. Next, the sub-models corresponding to the above levels will be described in terms of their model equations together with their variables and parameters. The value of the model parameters that are used for the test models and found in the literature are also given. The interface between the sub-models are also presented.
We have to note that the sub-models described here serve as illustration, because often alternative sub-model variants are also possible (that will be indicated when applicable), that should respect the interface specification between the levels. The sub-model equations presented here form the multi-scale musculosceletal model instances that will be investigated further in sections 4 and 5.
The available sub-models have been defined under the following simplifying modeling assumptions: 
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Fig . (i) Sarcomere behave in the same way in a particular motor unit and they have the same properties.
(ii) The excitation and the activation of sarcomere are the same as the excitation and the activation of their corresponding motor unit.
(iii) The activation of a muscle is a weighted sum of the activation of its motor units. The corresponding weight is the ratio of the PCSA of the motor unit to the PCSA of the muscle.
Parameters. The value of a parameter can be given by the user (source parameter) or can be computed by the model from other parameters in the initialization phase of the simulation. Some of the computed parameters are computed from the ones on another level, these are included in the set of interface parameters.
The model-independent parameters are independent of the currently used submodel variant of the given level so they define general properties such as length of the muscle, maximum force of sarcomere etc. They occur in each model variant of the given mechanism. A model-dependent parameter exists only in a given sub-model variant.
Interfaces. In the framework the interfaces between levels play an important role. The role of the interfaces is to deliver variables and parameters to and from other levels (see Fig.3 .1). (See §A for meaning of variables.) Since each segment is rounded by more than one muscle, each segment-level object can communicate with more than one muscle-level object. Furthermore, since a muscle can rotate more segments a muscle-level object can communicate with more than one segment-level object.
Sarcomere level.
Model equations. The activation dynamics is described by the following differential equation:
where q S [1] is the active state of the sarcomere, u S (t) is the excitation signal, τ a [s] is the attachment time, while 0 ≤ β ≤ 1 is a constant.
There are a lot of possible extensions and other possibilities of describing the activation dynamics that depends on the Ca 2+ concentration (e.g. Hatze, Brown et al., Dorgan and O'Malley).
The algebraic equations of the sarcomere level and their meaning are collected in Table 3 .1. Interfaces. The level of sarcomere is interfaced with the level of motor units through the variables and parameters collected in Table 3 .2.
Input
Output from the level to the level of motor unit of motor unit Variables Interfaces. The interface variables and parameters can be found in Table 3 .5. Parameters. The values of the parameters at this level depend on the particular type of the muscles that are present in the modeled limb. The parameters of the motor units used in our test models, the shoulder-elbow and the wrist models are collected in Tables B.1 Table 3 .5 Interface variables and parameters of the level of motor unit 3.5. Level of musculotendon. Model equations. The differential equations describe the dynamics of the tendon and aponeurosis.
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Force of tendon Parameters. The values of the parameters at the level of musculotendon depend on the particular type of the muscles that one uses in the limb model. The parameters of the muscles used in our test models, the shoulder-elbow and the wrist models are collected in Tables B.3 and B.4, respectively (found in Appendix B).
3.6. Level of segment. Model equations. The differential equations in this level are the dynamical equations of motion:
that is complemented by a single algebraic equation for the joint moments:
Interfaces. The interface variables of the level of segment are collected in Table  3 .9.
Input Input Output Output from the level from the to the level to the of musculotendon environment of musculotendon environment
Interface variables of the level of segment 3.7. Properties of the generated models. In its first version, the implemented code can only simulate two dimensional musculoskeletal models (planar movements). The number of segments and muscles can be arbitrary, muscles should be one-joint and two-joint muscles. Segments can be connected any way so in one joint more than two segments can be connected. Users have to define the structure and parameters of muscles, tendons and aponeurosis. Both fusiform and unipinnate muscles can be used.
The joint angles are defined as the outer joint angle: joint angle between two adjacent segments is the angle between two vectors of segments pointing from the proximal joint to the distal joint.
The input of the model consists of the activation signal or exciting signal of each muscle (U M ) depending on the applied sub-model of muscle activation. Both of them can be used, the applied input type is defined by the users. The input signal is a function of time.
The output of the model includes the joint angles (α) and their velocities (ω) (that together form a so called movement pattern) and the forces of each muscle as a function of time.
Model verification by simulation.
To investigate the usefulness of our framework and to investigate the dynamics of different musculoskeletal systems, two model instances have been developed using parameters found in the literature. 
Extensor carpi radialis brevis (ECRB) Extensor carpi radialis longus (ECRL) Extensor digitorum (ED) Extensor indicis (EI) Flexor carpi ulnaris (FCU) Flexor digitorum profundus (FDP) Flexor digitorum superficialis (FDS) Flexor pollicis longus (FPL)
Elbow
The test models.
The two different musculoskeletal models developed for verification purposes correspond to two simple sub-systems of a human limb with substantially different dynamics as follows.
Elbow-shoulder model in sagittal plane. It contains three segments: a common segment of forearm and hand, a trunk, and an upper arm (see Fig. 4.1) . Seven muscles are defined: biceps brachii (BIC), brachialis (BRA), brachioradialis (BRD), deltoideus anterior (DAN), deltoideus posterior (DPO), triceps brachii long head (TRL) and triceps brachii lateral and medial head (TRM). Two of them are supposed to be fusiform muscles: DAN, DPO.
Wrist model. It is developed to simulate dorsalflexion and palmarflexion. It contains two segments: a common segment of forearm and upper arm with zero outer elbow joint angle and a hand (see Fig. 4.1) . Eight muscles are defined: extensor carpi radialis brevis (ECRB), extensor carpi radialis longus (ECRL), extensor digitorum (ED), extensor indicis (EI), flexor carpi ulnaris (FCU), flexor digitorum profundus (FDP), flexor digitorum superficialis (FDS), flexor pollicis longus (FPL). EI is supposed to be fusiform muscle.
The above two models have different muscles: wrist muscles are shorter and have longer tendons. So we expect that the wrist model shows different dynamics as compared to the elbow-shoulder model.
The actual parameters of the to test models are found in Appendix B.
Computational implementation and efficiency. ????CSABI: Hogy is van ez???
The models developed under the proposed multi-scale modeling framework have been implemented in MATLAB where the user has a possibility to enter his/her special functions and parameter values to collect and tailor the available sub-models realized as MATLAB functions.
Each level in our framework is also realized as an object, and their functionalities (inputs, outputs and internal dynamics) are realized as its methods.
The developed models can also be executed, thus a dynamic simulator of the modeled musculoskeletal system is obtained.
????
The model is a set of differential and algebraic equations (a DAE model) where the algebraic equations can -in principle -be substituted into the differential ones (an index 0 model). The number of differential equations varies between 7-xx, while the number of algebraic equations is in the range of 7-yyy depending on the particular model.
The resulting DAE is a stiff set of equations, therefore, the ??? ode45s solver in MATLAB is used for the numerical solution.
Computational phases. The simulation is divided into two phases. First an initialization is performed with inputting the structural and the source parameters and the initial conditions for the differential equations. The computed parameters are derived in the initialization phase.
The solution of the DAE model is then performed in the dynamic simulation phase.
Execution times. The simulator was run on a personal computer with Pentium D CPU 3.20 GHz processor, 2 GB Ram equipped with a Microsoft Windows XP Professional Version 2000 Service Pack 2 operating system. The MATLAB version 6.5.1 (SP1) was used.
The first row of 
Behavior of the test models in time.
The investigated movement pattern (see in Fig. 4.2 ) was a separate, fully activated movement of wrist, elbow and shoulder in sagittal plane such that 5 kg weight in the hand was assumed. In case of shoulder movement anteversion and retroversion, in case of elbow movement elbow flexion, while in case of wrist movement dorsalflexion and palmarflexion are investigated. In each case the initial position was a vertical upper arm with zero elbow and wrist joint angle. The muscles were maximally activated such that the flexor and extensor muscles were activated separately. This means that the movement in both directions were investigated from the initial position. Fig. 4.3 shows the dynamic responses in the joint angle of the three system, i.e. the the wrist (dorsalflexion), the elbow (flexion) and the shoulder (anteversion), where the latter two responses originate from the elbow-shoulder model in sagittal plane. It is seen that the wrist is the fastest, the elbow is slower and the shoulder is the slowest joint. The slow trends after the peaks are caused by passive tissues. Since passive tissues play the most important role in case of wrist muscle [51] this slow trend is the highest in case of wrist movement.
The dynamic responses in tendon length during the same movements as before can be seen in Fig. 4.4 . One characteristic muscle of each joint is investigated: ED in wrist, BRD in elbow and DAN in shoulder. The tendon length of wrist muscle changed the most and the tendon length of shoulder muscle changed the least, as expected. However the strain of tendons are similar. The reason is that the slack length of tendon is highest in case of wrist muscle and is lowest in case of shoulder muscle, but the tendon of shoulder muscle is the fastest. The simulation results seen in Fig. 4.4 indicate that the tendon dynamics can be well approximated by a second order dynamics, i.e. by using only two state equations.
The dynamic response in aponeurosis length during the same movements as before can be seen in Fig. 4 .5. One characteristic unipinnate muscle of each joint is investigated: ED in wrist, BRD in elbow and BIC in shoulder. The aponeurosis length of wrist muscle changed more and the aponeurosis length of elbow-shoulder muscle changed less than in the elbow case, but their strains are similar. The reason is that pinnate effect plays a more important role in case of wrist muscles, and pinnatation depends on aponeurosis dynamics. We note that according to this simulation the aponeurosis length responses can be approximated by a first order dynamics.
5. Model reduction based on time scale analysis. Traditionally, multiscale models are built along the length scale because the mechanisms that determine a model drive the model building. The levels of the multi-scale model are found if one looks at the separation of the characteristic scales, if such separation exists. However, if one is interested in the dynamics of the multi-scale system, the levels along the time scale are of importance.
The recent results of the engineering approach to multi-scale modeling enable to analyze dynamic properties of complex system models based on scale maps [24] . This analysis may form the basis of model reduction when one aims at constructing a simplified dynamic model that describes the dynamic behavior of the system on a specified level of the time scale. Strain in tendon length [1] Strain in tendon length Strain in aponeurosis length [1] Strain in aponeurosis length 1 2 3 Fig. 4 .5. Changes in aponeurosis length (upper figure) and strain (lower figure) of aponeurosis of wrist ED muscle during dorsalfexion (1), of elbow BRD muscle during flexion (2) and of shoulder BIC muscles during anteversion(3).
5.1. Scale-maps. For a particular musculoskeletal system one can construct a so-called scale-map that relates the identified time and length scales and connects them to the mechanisms considered in the model. Fig. 5.1 shows examples of scalemaps constructed for the above three test models. The meaning of this figures is: the time-dependent variables describing a mechanism or sub-model on a given level of the length scale determine the length-directional (horizontal) position of the mechanism (mechanical movement) it belongs to (e.g. tendon length or strain characterize the sub-model of tendon). The time constant of the dynamic response of this mechanism or sub-model on a given level determines the time-directional (vertical) position (e.g. time constant of tendon strain). This way a rectangle, defining the minimal and maximal time and space constants of this mechanism or sub-model, can be associated to each mechanism in the simplest case. In our case these values are computed by system analysis from the investigated movement patterns.
The dynamics of a particular mechanism or sub-model can be characterized by the placement of its rectangle and its area. Its placement is determined by its lengthand time-constants while its area characterizes the deviation of these values.
Scale-maps are useful tools for analyzing the effect of different mechanisms or sub-models on the overall system dynamics in the case of a given particular multiscale model. In addition, scale-maps can be used for directing the model reduction (see later).
The scale maps of various instances of a given musculoskeletal model class can be drastically different. Fig. 5.1 shows the scale maps of the investigated shoulder, elbow and wrist test models constructed from the simulation results.
It is seen that the relative position and area of the mechanical movement and the tendon-aponeurosis sub-models differ significantly in the three investigated cases. In the case of wrist movement, the tendon dynamics is the slowest and it has the highest length constant. The area of the tendon sub-model is large, so deviations in its time and length constants are also high. In the case of elbow movement, the tendon dynamics is slower than mechanical movement and similar relation is valid for the length constants. The distance between tendon and mechanical movement dynamics become higher in the case of shoulder movement. The area of tendon submodel becomes smaller from wrist to shoulder while the area of mechanical movement sub-model becomes higher. In the case of each model the aponeurosis dynamics is the fastest.
We have to note that these time constants are valid only for maximum and constantly activated muscles. However, these values depend on the exerted force, i.e. on the activation of the muscles. If the activation (excitation) is smaller then time constants become smaller.
Model reduction.
The most effective way of focusing on a part of a dynamic system relevant to our purposes is to apply model reduction or model simplification techniques. The aim of model reduction is to find a "simple" model, the so called coarse-grained model that is functionally equivalent to a given detailed "original" one but is more easy to handle computationally, i.e. it is of smaller size than the original one. For dynamic models the reduction is performed on the time-scale, i.e. one focuses on a particular time constant range, for example on fast or slow responses. If the detailed original model has time constants with order of magnitude difference (i.e. it is stiff) then it is possible to develop a reduced model that gives the same (or very close) response in this range but fails to reproduce the system response in other time regimes. As a generalization of the well-known model simplification and reduction techniques in systems and control theory and engineering, a scale-map based model reduction method for multi-scale process models is reported in [34] that will be used here.
Model reduction steps. In engineering, one can consider two basic elementary model reduction steps that are applicable to nonlinear state-space models: the reduction of the number of state equations by separating the different time-modes (fast, medium and slow modes, for example) and the linearization of the state equations around a steady-state point.
The reduction of the number of state equations is applicable in the case of timescale separation, characterized by a steady-state assumption for a "fast" or "slowly changing" variable x. Formally one applies the transformation
to a set of model equations. As a result of the transformation, the differential equation becomes algebraic, and thus it should be substituted to the remaining differential equations. Thus the number of state equations (and the number of state variables) decreases by one, and x formally disappears from the equations (see [26] for the details) resulting in a so-called scale-reduced model. Scale-reduced test models. The scale maps of the test models (see in Fig. 5 .1) clearly show that there is a time scale separation in all of the investigated cases, therefore it is possible to derive scale-reduced models. If one is interested in fast and short mechanical movements with time constants less than 0.5 sec then the test models can be reduced in the following way:
(i) Wrist movement: tendon slack length is highest in case of wrist muscles. However, the strain of tendon of wrist muscles is similar to the strain of tendon of other muscles (see Fig. 4.4) . Since the aponeurosis is more elastic than tendon its strain is more (see Fig. 4.4 and 4.5) . The time constant of tendon is much larger than the time constant of mechanical movement, while the time constant of aponeurosis is closer to the time constant of mechanical movement. From these notification we can conclude that both tendon and aponeurosis are necessary if accurate model is needed. However, since aponeurosis strain is much more than tendon strain, tendon can be supposed to be solid (i.e. no dynamical description is needed), and aponeurosis dynamics should be taken into account, if accuracy is not so important.
(ii) Elbow movement: time constant of tendon is close to the time constant of mechanical movement while time constant of aponeurosis is smaller. However, the strain of aponeurosis is more than the strain of tendon. We can conclude that both tendon and aponeurosis dynamics can be supposed to be solid or taken into account depending on the required accuracy.
(iii) Shoulder movement: both tendon and aponeurosis are much faster than mechanical movement, so both tendon and aponeurosis can be supposed to be solid (their lengths reach a new steady state quickly and afterwards it should be constant). It is important to note that in the case of long-time movements the neglected mechanisms may have been taken into account.
5.3.
Comparison of the detailed and scale-reduced models. In order to verify the proposed model reduction method on our test models, the responses of the original detailed and the scale-reduced models have been compared by using similar simulation experiments (see Fig. 4.2) . The execution times of the original and scalereduced models are compared in Table 4 .1.
Wrist models. The results of comparison of the dynamic responses in joint angles of wrist models during dorsalflexion and palmarflexion can be seen in Fig. 6.1 . The joint angle of each model increases (dorsalflexion) or decreases (palmarflexion) in a fast manner. After the peak value the responses of the different models are quite different. In the case of the original model (solid line) the joint angle decreases (dorsalflexion) or increases (palmarflexion) and reaches a steady state. The difference between the steady state joint angle and peak joint angle is the largest in case of the original model. The model without tendon (dash-dotted line) gives the most similar responses in both movements, but the slope of this model and the value of steady state are different from the original one. The response of the model without aponeurosis (dotted line) is different, and the response of the model without tendon and aponeurosis (dashed line) is even more different from the response of the original model. From this simulation we can also conclude that aponeurosis dynamics is necessary for the wrist movement in these circumstances while tendon dynamics play a less important role. We also can say that the response of the model without tendon and aponeurosis can be described by first order dynamics while the responses of the other models can only be described by higher order dynamics. This empirical findings is in agreement with the qualitative results seen in the last sub-figure of Fig. 5.1 , where the rectangle corresponding to the tendon sub-model is far away from that of the mechanical movement, that is adjacent to the rectangle belonging to the aponeurosis sub-model.
Elbow models. In the case of elbow flexion movements (Fig. 6.2 ) the difference between the original model and the scale-reduced model is not so huge. The difference between the peak joint angle and the steady state joint angle is smaller than that in the case of wrist movements. The velocity of the change of joint angle is also lower. However, the model without tendon gives the most similar response to the original model. From this simulation we can conclude that aponeurosis dynamics is more important then tendon dynamics in these circumstances, but if the accuracy is not so important then both dynamics can be neglected.
Shoulder models. In the case of shoulder anteversion and retroversion movements (Fig. 6.3 ) the time behavior of the original and all the different kinds of scale-reduced models are similar. It means that both the tendon and aponeurosis dynamics can be neglected under these circumstances. It is again in agreement with the qualitative results seen in the first sub-figure of Fig. 5.1 , where both the rectangle corresponding to the tendon sub-model and that of the aponeurosis sub-model are far away from that of the mechanical movement, i.e. a large time scale separation is present between the mechanical movement and all the other mechanisms.
6. Conclusions. A novel multi-scale modeling framework is described in this paper that assists the user in constructing musculoskeletal system models from submodels describing various mechanisms on different levels on the length scale. The levels of the mechanical movement, the tendon and aponeurosis have been identified and used to construct different instances of musculoskeletal system models corresponding to the wrist, elbow and shoulder part of a human limb with different maximal muscle and skeletal length properties.
The method of time scale analysis has been proposed for constructing the scale map of a given multi-scale musculoskeletal system model. Besides representing the dynamic analysis results related to different mechanisms in the model, scale maps can be effectively used to direct the simplification of multi-scale models for controlrelated application purposes. From the viewpoint of a specified characteristic time range, both the relatively fast and the relatively slow mechanisms or sub-models can be regarded as static, thus a scale-reduced simplified model can be derived.
The proposed model reduction method is verified by simulation experiments using the different musculoskeletal system models corresponding to the wrist, elbow and shoulder part of a human limb. From the viewpoint of fast mechanical movements it has been found that the tendon dynamics can be neglected (i.e. regarded as static, depending on the required accuracy) for the wrist model case, but the aponeurosis dynamics should be taken into account. On the contrary, both the tendon and aponeurosis dynamics can be safely neglected in the case of shoulder model from the viewpoint of fast mechanical movements. This result is similar to the result of Zajac [51] : in case of wrist muscles the serial elastic components should be taken into account, while in case of shoulder movement we can neglect them.
Future work. The constructed scale-reduced models for the elbow and shoulder are used for an ongoing parameter identification study that aims at estimation muscle parameters form measured movement patterns and excitation signals recorded in parallel. 
